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PASSIYEWAR SPACEMEAT1t@

J. Mlglas Belcollb
Los Alms Scientific Laboratory

Los fhms, kW ki?XiCO 87545

ABSTRACT

An overview of passive 9olar space heating
is presented indicating trends in design,
new *velopmnts, performance measures,
analytical desigl aids, and nvmitmed
building results.

1. INTR~TIU4

The purpose cf this plenary paper 1s to
provMe m overview of the state of the art
Llpassive solar space heating appHca-
tions, indicating lessons learned in t~
last year or so, trends in pas9ive solfr
space heating applications, on-going
research which will increase the potential
use of Pesslve solar, md the results of
perfortieevalmt.!m of sme rsmltored
buildings.

Passive solar space heetlng is, at the %m?
tire, a very new md a very old use of the
sun’s had in buildlngs. Weare all very
fsmlliar with e~licatlons dstingback to
prehistoric Indian tribes in the Ansrlcan
Smthwest, tradltlonel building types in
the Mirklle East, md the passive solar
houses of the Keck brothers h! tlw 19TCI’s
In the Mldest,

The dlffurence that I see in the last three
or ~our yoem 1s om of lntemity md
dlvers!ty. The tools of modem enqineerlng
enelysis em being eppl.ied to the problm
lna nwthodical end effective memer pro-
v!di

T
ewrythlng frm rules o’ throb to

!M@ fled mathds ofmalysls to sophlstl-
catedcmqdrr-heed solutlom. Newhlgk
techology mterlels me being tiveloped.
Wehsvebecom relatlvel sophisticated in

Klmklngat the bulldlng no holistic
eense, striving to provide a mlnlmun
requlremnt for mtsicb energy scmce~..
while rnaintalni

“1
IMMIIRII!Canfort

~tmderds, a mx mm rnllmility ml
predicted hmgevity, all at a ‘#bay smell
add-m coat, Comldemtlons ef ctsnfort,

aesthetics, livability, resalability,
mininum net energy impact, and nmrketirq
are all Imx@t into tho equation. We
mrry timt such things as optimization
brou~t into play by govmnent ecmmic
incentive pro rams.

1’
Wsare com2erned in

showing cmpl ante with proposed Building
Energ~ Perfomence Standards. Weare
emyml ebwt definitional issues.

Such sym’toms are not a si~n of problems
with passiw solar applications; rather
they are indicaticms of a mturing field in
which great progress is balrg rode.

The mst important indicator of progress 1s
the overwhelming degree to v#dch passive
solar has b-n entirsed by builder:; end
buyers who, not knowing whgt a lronM wall
was n year ego, now covet one.

It used to be difficult to find good
passive solar exarrplm; mw they are
proliferotlng everywhere. small encluves
of passive solar enthusiasts abound in sun
starved regions as wll as sun blessed
amaa.

mother lndlcator of the fact that passive
solar 1s fashionable 1s in Itq endmsemnt
by virtually all governmnt programs, at
all levels (with the mtable excaptim of
the IRS). DU fmdi

T
has lmrensed km

$1M,Q33 in 1974 to$8,YXI,013 m the 19m
fiscal year,

2. ~lEMM IN PASSIIF SUM HEA[JFG

The ti!slgn of passive solar buildlng~ has
avolvnd rather quickly frormthe aiwlel
well-known prototypes of direct geln (tb
Wri t Imse in Sante Fe), thsrnnl otora

Fml (the Tn tm-Mlchel hoe lnWeillo r
!water *11 (tl,e Beer lmme in Albuqwque ,

attac!wd wlar emspace (ttm Vmde style
ati-on solar greenhouse or Nlchol’D Mit 1

~P~md mrbr the eusplces of the U,S, LJepertnwnt of Energy, Office of Solar
Appllcatinm.



in %nta F ), th rn’al stora~ rm: (the
J?“Skytherm’ Atas~ackro hcuse by Hay), and

thermsl~on or ccxwective lwp
(thermsifhm Wter heaters or the
thermosi@!m air house of IMvis in
Alkquerque) .

These natable buildings have served as @od
examples to chcribe the cmcepts.
Hmneverl thouswtds of new passive solar
bulldirigs have been deslgrusd md !,dlt in
the interval between 1975 and 191M .snd
these eticdy a large tier of rmtable
CJSSIF trmds. These ctiine the best
characteristic of the besic systcm types
into mixed or more advanced desigIs shich
overccme sane of tlw dissdvant+qes of the
beslc types. They tend to be mre livab!~
wd effective while mt necessarily
lncreaslma the cost,

2,1 Trends in Direct Gain

The original “Smscmp” house by 12avld
Wright ir, Santa Fe has served admirably as
an exwple of the direct gain principle.
The bulldlcg is the epif?rre of desi~
Sirrq)llclty, However, it al?o 9erves to
ill~trate wmm of the di~r’iculties which
can be encwntered when direct gain 1s used
to excess. The entire smth 91de or the
house 1s double lazed and the emomt of

!am entering dur ng a typical swrIy New
lI@nico winter I%y 1s overpmerlng. The
entire inside of the house is bthed In sun
and sm of tile problems which can arise in
direct ain are very evident: ultraviolet

!*grads lon of fahrlcs and other rmterlals,
string side ll~ting md glare, “fls~owl”
llvlng, md e temperature swing m clear
winter days of Xl F cbsplte the enormous
~t of therrral rMs9 in the beck and side
WC1lS and in M floor, However, the houso
dcm use very llttlebaciwp heat.

The ●volutlcm of the use of direct gein by
WrI@t end other deslglers now shows a much
rrcme so@lsticnted approech, Clazi~ is
used in smaller qunntitles rrmre mlformly
dlstrlcuted thrm” Wt the building, This

rallows a batter d ntrlbutlm of excess
solar heat to h~t-storing mesa md m
better gmmtrlcel relationship of the
two.

The use of cleremtury window has becww
wpul~r. This allows for n better
dlotrlbutlcm of both solar radlatlon Md

r
natural tiyll@It thrru out th bulldln
In em cases a rewtl ivp 9mwtmtb roo ?“
cbul~ 1s used. Ttw north wall of the
hulldlng becoma effactlv? for heat storaga
end ll~t i~ brm@t Into ttw northern
rocms.

A%ther ap$mrnch 1s the use ofdlff~lng
lnatwd of clear lazing. Thin scatters

f’the lnclcbnt sunl ~t to vsrlcuJ nnglas

more mifoxmly Iwatlng tlw space and rrore
miforrnly li@ting it, An early use of
this 1s in the Wallasey Schml in
Llverpml, England built in 1962. This is
trI exa@e of Q building in which the
prirmry bmefit is in the r~ctiom of
energy for artificial ll@tlng by tlw
substitution of I?.9tUrel tiyli@t. The
passive solar heating 1s largely balanced
by the increased thermsd losses thrw@ the
larw glazlng area resultlng in a solar
savings *ich is relatively srm.11.
Mnetheless the “solu heating fraction” is
mlty since the backup heat is ~erully
zero. This 1S pxisible &cause the armmt
of mergy released by the students’ bcdy
Iwot, the rerelnlng artificial Jl@ting,
mrl ttm w is sufficient to rreintaln
u ltl~Jj~g comfort.

II prtilem with diffusing glazing used m
the south wall is glare. The most
successful applications of dlffuslng
glazing have been in clerestories used in
ccmj-nnctlon with a tiite cuiling interior
to provlds a !arw soft source of overhead
li@t.

Armther trend in direct gain is the use of
blinds located behind the wlntiw to reflect
incident smll@t toward the celling of the
bulldlno. The CIFISSIC example 1s the MIT 5
hwse in ddch the blinds are of a thin
Levolor type locatbd between the CkXble
glazings, A reflective nyl~r coating 1s
located IM the cmc~ve u~r side and CM
be ddju9t0d to proi~de a mif~rm wash of
ll@t across the mlllng,

Pno+her application of the harm approach 1s
belnc rmti in a lab bulldln(j at the Oak
Ridge Mtional Laboratory, Here the bllnds
are rmti of specially contourd wooden
slats with e reflective sur~oce m ttw
concave uwer side, The slets can ba
turfmd to close completely providing sorm
chgrae ofnl~t !rsulntlm or totally
blocklng the [ncomlng smll~t.

Perhops the met excltlnq trend in dlrrct
g9in 10 ths evolutlom of ~atings for
glazlngs Lu recNca the ove all Iwat loss
l:wfflrimnt, “Hen+ ml:rcr L Cz:tln;:
have been cbvelo~ which reflect infrared
srlar radlatlrn back into tb men. Other
infrared costl,~s hove been used in Europe,
located cm the iwtslck surfaca of tlw lm-sr

!
lazing, The advanta~ of this loctitlon 1s
hat tt,e liner glazlng or Fateu werm end

thus the tentincy for cmtia~tlcm 10
r~ced, Ttm coating red.ms the omlsslm
of lnfrsred radlatlon from ttw imer
glazing towsrd the wtolti, Ttm infrared
costings cm also be located m a film

%%2%: li%b: 8!M!&Rla]Xs
have been re~rted for the assemblies,



Of ccurs such cmitings el:lo reduce solar
pemtrat Ion thrm~ the glazlr.g; the ef feet
my be to r-e the overall transmitteme
by 10 percent. This 1s probably an
acceptable penalty wtwn balam@d agalnet
the redmsd heat loss sime it is ttm net
thennel performmce of the glazing thst is
important.

Sure authors have even su~ted that we
cm look for~rd to th use of glazings m
011 orimtathns, mrth included, h
advanced passive solar desi~s.

2.2 Trufbe Walls

Trtie walls are usually built either of
pnured-in-pla~v cuncrete or of msonry
mits SJCh as concrete blocks (with the
cores filled), brick, or adcbe earth
brick. Cmcrete is preferable because of
its hi@er thermal cmc&ctivity md hl@er
dmsity but all are acceptable,

A major desi~ consideratim 1s whether or
not, to use therfmcirculation vents !I

mnjwtctlon with the Trtie wI1l. M ting
thl~ vents rackmes carplexity in ~sigrl md
ccnstructkn, evoids problem caused by
dirt md insects in the spa% between the
WFI1lmd the gla$’i, md iven a grestly

!lncreasad thermal !,t”:.11 ty of tlw building
(reduced temeratur: swings). Mmy
Ckslgners prefer not to use the vents,

Tha pr!mry fmctlm 01’ the
thermclrculatlm vents is to provide
heated alr to the space during the day, In
mny eppllr!atlons this is siqJly not
approprlat~. 1,1 others lt m!,ght better M
tie by the use or r!lre:i aln thmby

!thermclrculatlm. In res dnntial
applications the prlmry heating 1s desired
lC the evening m-! the unverted Tronhe wall
provides tMs vnry erfectivrly, Direct
gain eanb? USILIto provide deytlmheet~ng
by sizing the direct gain w:.ndowsto b?
eqml tn apprmimtely nna-third of the
tntal soler wall, with the other two-thirds
helng Trcwbe wall.

Another development in Trarhe wall design
1: the usc Or J :elective KIJrfnm em the
mtslde of the wall. Sinc~ a mJor
mschmlsm of ener~ 10SB thrw@ glatlng 1s
by radlatl.m flo~, thermal 10MOS me
greatly rdccd by rkcreasi

7
the infrared

rarllotim frm the Trmbe wa 1 surfmce by
tlw use of n mte:lul wh~ch haa e low
tharml emlttence, Black ehrom m]actlva
surfaces are now availeblo on Mel foil
which cm be gluwd to th~ w1l wr~me
hnvtng n Ooler absolptrn!:a greater than 94
percent md ~ th~rml emlttmm of less
than Ml percmt,

greatly d’mead by the use ofa selective
surface cm ●ither a Tronim wall or inter
WS1l cmfigmstion. Performance
i,~rovemnt is conparahle to that achieved
using ni@t insulation. Recent results
indicate quit~ s&tist’actmy performance
wtwm aelectike surfaces are used in
conjunction with single glazing, in
agreeimnt with analytical predictions.

Wte a few verhtions m the Troti wall
approach are being utilized. These inclw’e
half-hei#it wells with witiws above, the
vertical lcuvers used by Bier, and various
other interesting IMsomy shapes located
bel?ind tlw glazing,

Somtims sand has been used es the fill in
concrete blocks used hi Tronbe walls. Thk
1s U?fortmate because lt is very pcgr from
a thermal performance sten~int. The send
will won becom very dry end have a very
low thermsl contictivity tie to themny
air gaps surrwnding the send grains,

2.3 Water Wall?J

Tt,.?prinssry advantage of the water-well
a~roech is the ability to obtain very
large therml storage in a reasonable
space.

Virtually every size md shape of water
cmtainer hes been used in water wells.
Netal culverts !spiral Grecian columns)
have been used by tit and others in Davis,
California, welded to steel plates in the
floor in order to *tisfy California
Seismic codes. Cmvmtlonsl containers of
all sizYs md shepes heve been stackrd.
Vertical fherglass relr,forced acrylic
tubes I18de by Kalwall are widely used.
sPSClal containers, deslmed to be Msted
for shlfmmt, have been b llt of tiberg’,sss
by kb101141y. IIA IlhgatWS1l “ concept hSS

bsen ~sl~edby Nichols. It is a sheet
Iretal tmk msl~ed to bc sllpped as e
nuduler mlt betmen 2“ x 12” studs m four
feat centers.

In mny instmcos attempts have baenmds
to provide a norml-looklng Interim to the
bulldlng rather thm the muaual effect
crnoted hy water bottles, oIL drum,
kert!cal tubes, or other forms. In such
cosos a reasonable thmml bund nust be
established between the interior panel end
the m~,er stora~ Ccwltalner or e *crease
in mnual perfornmnce of 5 to 10 percer}t
will result,

As nmntioned *eve, selectlva surfaces cm
also be used m the ●xternal MIs ofa
inter w1l in order to obtain el~iflcmt
performn~a i~rovumnt,

Tests dma at the Los Almm Scimtific
Laboratory lndlcate thnl. perfornmncc 1s



PertIaps ttm mst slr@ficant trend in
passive solar deslcJ-I is in the ~pularity
of the attac+wd smgce, The slnple
add-m 9olar greertmuse plmeered by Bill
Ymda hns spread in the thousands tG
vlrtuelly every part of the comtry.
Varlws shapes are used to atiieve
dl fferent effects md to eckspt the smspace
to varims climstes.

Frequently the smspaces ere retrofits to
existing buildings provldi~q additional
hmt to the home as well as an additional
space which can serve il?Cr~LIOnSl or
fmctionel Wruoses or provicks a greenhouse
in which plants I be raised thra@cvt
the year wlthmt me need of auxillary
heating.

me trend has been toward very-low-cost
greerhwses ~erally built by t’?
haneom,ler. Simplicity and econmny are the
prhmry cbjectlv~~. Simple tirrber framing
1: used for the structure and either UV
lrhlbited fiberglass reinforced acrylic or
flexible plastlc mterials nrr: used for the
glaz~ng. ~terials costs of less than $5
per squere ]mt of greerhousc space are
o~ten qwtad.

Other greerh-use designs have incorporated
mre costly u~e of wmd mlllons and glass
in str.lctures wlchbecuw a definite
aesthe+.lc nsset to thr bull~llng,

M difficulty in providlrg peifo~~nce
estlmtm for Gttached smspece
ccmflguratlons 19 ths larl]e variety of
geometr,ws dIlch are pomlble. Two
particular gecmetrleq have been stud~od by
MFarland md We in mother paper wlthln
t~~eprmd~ng%.? ~~arLogd~tl.
correlations am glvan for these cases.
~th geomtrles ,~re linear attachments of e
smspace alorq the smth side of R
bujldln

7“
The lntermtl

?
result 1s thet

tlw pel ormmce character stlcs of one 0?
these sm~pacos 19 ca’ftparable to or
sll~tly exceeds the performncc
cherncteri~tics of a Trtie WH1l havlc-q the
sarm lazd ●rea, It seem tt-~t the

?acklltonal losses in ti greed-mme
asaoclctd with roof md end walla arc
appr’mlmtnly cmqmmatad by ‘he fnct tkt
the glazing !s tlltedat theoptinm
angle. rne 01s0 achieves o greater surfac-
area of heat-storing mass bvcause of th
floor of th~ sma~cw in aditlom to a ma~s
wall seperatl

T
the smspaca from the

attachnd bul.ldng.

The “wraparcmd” grwrimusa CbSIWI

!K&cJbK%%’NrUc::X’ “r’t
mccessful ma widely akpted npprcmch.
Tho thermml advmtage of the rbsi~ 19 that

there are m end wall losses m the east
md wst since the building borders the
smspace m those sl@s. This has the
atid advmte~ of blocklng eest md wst
solar gains in the sums?r remcing the
tend?ncy that mst gredvmses have to
overheat.

A nottile trend in attached smspaces 1s
tlw ircorpmatim ofa rock M for heat
stcrafp, Slnm the eir 1s mrnmlly fm
forced, its lncluslon res~!ts in the design
being a hybrid. However, the U3efflclent
of perfarmnas (defined es ttns ratio of
heat energy trmslmrted ta the electrical
energy required to rm, the fm) is
typically abcut 8 to 12 in such
awlicatlons. Sin@ this heat energy ml~t
otherwise be lost either 13M to Jverheatir,g
or venting, the him coefficient or
performance largely justil’ies tlw use of
exterrsil ermrgy md the arpllcatlon of the
system ck2slIJI.

The mst typical crnfi~ratlon 1s the use
of e system of alr ticts, a fm or blower,
md a rock Led. Tlw rock bed is m
excellent heat exchmger md is low cost
md relatively sirple LO construct.
~taining ~lit’’~le rock 1s rnt always
easy. Ihe advmtages of the fan-forced
rock bed approach are that Jt provides a
mans of rWcing the c!aytim teqmratures
in the greechcwse (which wild otherwise
frrqmntly tend to overhmt m sumy winter
days). saving that heat for a later time,
and transporting the heat from the upper
swth part of the bulldhg to the lower
rmrth pare of the bulldlng (frequently
mderneatb the flmr). TFHSDrefUrrEd
awrmct) !s to dss~g-I the rock bKI for
active Charuing (using the fan) bllt passive
dlschar

r
by contictlon in’h the t,eated

spare e ther UP thrw@ the floor cm
Inwa.’s from a wall. By freklng the barrier
hetmem the rc@ bed md the heated SPSLU
rJf thick I’nW+Iry ~StrMlm (su.c17as a
flwr slab), incredsad thermsl stcblllty, a
Cblay !n t~)e errlvul uf the heat into the
svca, and adultional Iw5t stora~ ore Pll
obtdnedl

A potential problem w!th the rock bed
awroach 1s the posslblilty of fmgus or
other growth wlthln the rock bsd. Thl: has
rd nd been rapxted to be a pr~lem Dut
has rmt bean tF,ur,n@ly investl~ted.
Further investigation wuld he amr~lliate.

A prlm;y edvmta~ of tile suIspecu
approad~ lR th@ vmr16ty that lt of furs in
the bulldln rk~l~. A ntnspace CWI be

!uuedm m a r’.’)m nr cwmervatory af a
Im!lway or trnslt area, ab fi~~;gk It
entry, or, or cwrer, as u

!16 increasingly tmlnq used n Cumercial
buildings as ● lar~ md attroctlve mltry



foyer or as m ●lement in a schene of
natural dayli@ting.

2.5 Trends in Thermal Stora!X Rmfs

~ original cmcept of the rcof pmd
developed by my is particularly effective
ss e cmling system in the sumner in a
climste tiich rewires only modest ammts
of heating in the winter. problems
encantered in h desl~ have been
prlmerl ly associated with the nssc+mism of
movable insulation. Sc4ns variatlms in ttss
*iv have b- mds which incorporate
insulation floating within the rmf prod,
with the water being punped to the top of
the insulatlm during winter days or smsmr
nights,

Analyses dme by Trinity Ihlversity in
Texas have Indicated that the perforinance
of the rmf pmd should be acceptable over
a wider range of cllrfatic conditicum then
had originally been supposed.

Another varlatim of the roof Pmd approach
is the “Ccnl PmlR” cmcept *veloFed by
the Living Systems Grnlp in Davis,
California. Here the roof pmd is used
entirely fur cooling by erecting a sunshade
over a floocbd rmf configuratlm. Energy
from thu building is thermsl~med tG thr
rmf pa9Slvely up t~es which ●xtmd to tl,c
floor level. Experlnvmtal results have
shorn very slcmlficmt decreases in water
and bulldlng temperatures cmpared to
uveraga atilent cmditiors.

Other variations in tw the-reel storage
rm~ are the use of the ‘“~ytherm MrthR”
cmcmt by My in which wa~er bags are
placed lletw?m the rmf raftms md @aZlng
1s Utlll:edon the swth-raclfNJ pltchof
th covering rcof. %mders has used water
in lerge glass caLboys in a sjmilar glazed
attic space.

The Los Alamos Sclantific Laboratory has
experlmnted with the therrnl stora e roof

i’in a desl~ lnt~dsd for use in mb le
mochlar hwslng. Mrdtoring of the
hulldlng owr a winter lndtcates that the
useful solar hawt is El percent of the net
therml 10wJ.4

me explication Wlch would seam tobe
quite suitable for rmf prods is in lorgc
concrete comnmclal structures where the
advantage of the roof pmd in suwrter
cmllng wwldbe utilizml.

?.6 Trends in Conwctive Lmm

The enormous edvmta~ of thu passive
thermosl~m inter heater 1s elow~gsb~+ng
raallzti in the Wilted States,
thmsmds ofthase mits me in rWfhM
sarvic~ in Israel, l:yprus, and Australlu.

Tests by three mjor testing laboratories
in the Mited States (the &mmu o-
Stsdarde), Mu Zealand (the Divisicn of
Scientific Indstrial Research), and in
titralia (the Cmmmwealth Scientific md
In@strlal Research Organlzatim) have all
indicated that Passive thermsi~cm water
heaters mtpsrform their active
counterparts. Uatar heaters mmufactured
in the countries cited above cost betwan
me-third and me-half of the stanmrd
active water heaters sold in the bited
States. Tkse advmta~s of the
thermsifhm water heater are so mnpslllng
that it would seem appropriate to look for
ways to incorporate them into Merican
buiui~;~ *spite thec4vious institutimel

.

kother passive solar sater heating concept
which ehmld not go withmt mntlcm is the
batch heater or tank type system. This is
basically a direct win approach.
Variaticms m this t@ns utilizing severai
tarks have shown good results.

Raturnlng to the subject of spea heating,
the thernusimm air approach has been useu
in a few building9. The hkrk Jmes hybrid
system in Santa Fe has bean mnitored md
shorn to have ~d parformnce. A few
other air thermsi@m buildings have been
constructed. Ci?e trend has bean toward a
dssl~ in which the rock bed storage 1s
coupled passively to the building and
located within the bulldlng. This has been
done both in mcbrfloor rock bad stoiafp
and in mck beds built within wells of the
building, The approach seams to be
effective out suffers from the necessity of
pluclng the collectors low relative to the
haat storage. This restricts the use of
the crmept to sites Mere this 1s
practical. Another possibility, of course,
muld bg to build the building well above
gromd, that is, m stilts. khlle this
approach to bulldlng desi~ 1s mt common
in the Ihit.ed States it 1s en’ployed
frequmtly in acme cmntrles.

(he of the mst imrtent @velofnmnts in
cmvsctlve looPs 1s the use of a
ll~twai~t cmvectlvealr heater to
proviti warmalr to the bullding~rlng the
&y. This is a particularly attractive
option in rotroflt of exlstlngbuildlngs
sinm it cm be employed et relatively low
cost sl~ly by attmhl

T
tnc convective air

heater to the south Ml md cutting two
vents thra@ thn wall. Far gmd
perfornmtcs it ismceseery to prevent
reverse tt~rmaimming ●t nl t. A

rvariety of SJcf7 Convect.lve m ts have beerl
kilt mdsh- to beglve quite
satisfactory ~rformnm.



2.7 Trmds in hvstde Imulatim

Th use of scmE kind of insulatim assenbly
which can be placed m the soiar glazlng at
ni@t to race h-t losses cm grmtly
improve performeo %veral new passive
solar prc&cts have emerged m the rrerket
tn provide such mveble insulatim, kbst
of these are roll -doum assembles M-dch are
locnted inslrk? the building. The added R
value of the insulatlcm varies from 5 to 15.

~ advente~ to placing the rrovable
insulatlm system imlde the window is that
it 1s in a protected envlrmnmnt EM-ICIthus
the assembly cbcs mt have to withstand the
rigors of the cd~or weather. PmOther
ac+vmta~ 19 that the .s(r in filtraticm
throu@ the assenbly is not nearly as great
irtslde since the effects of mtslde winds
are mt mcmtmed. A si~lficant problem
with lrmlde location, however, 1s
ccdensatim ad pos+lble freezing cf water
vapor IM the resulting very-cold glass
surfwe of the window, I% excellent seal
rust be made or thi9 will becane a mJor
problem, es~cially in a particularly cold
and hunid clirmte.

Locating the lnsldatlm cwtside the glazing
has the advmt.sgs that the glazing thereby
rum warm md cmcimsatim 1s rmt a
problem. Lhfortumtely cwtside slwttering
systems conmmly used in other cantrlcs
are cat traditionally enqIloyed in the
Lhlted States and the cost Of such system
here 1> presently quite hl~. Furthermore
the mt.sid? shutters vhlch have hem built
have mt been desl~ frm tk point of
view Or obtalnlng god insulation vnhm and
performance 19 relatlvelv low, I ex~ct
that the trmd in mvoble lnwdatlm w1ll
be toward mtslde as.setilles rhlch are
de91psd tobe thermally effective.

3. I%RFCRWOUX WASLRES

me obJectlva of Passl$ce solar desl~ 1s to
retice ttm ~pmd?nce of the bulldlnq on
convmtlmd m.m?es of heat from e furnwe
m even an active colar system. The most
important meammecf pcrfcrrrance 1s
therefore the nrmual mx!llary heat
requl?ed tn mlntaln a particular desired
mlnlnun tenpera~ure within the s~ca,

Of course, tM Wxlllary tmattng
rmql’iremnts cm ol~o be reckxed by m]ergy
co!lservatlm memurtts euti as better
ln?ulatlmhlrl rcdmd inflltrntlm, There
has bem mm cmtroveirny betwen thcae *O
ak+xtu aupur-lmulated bulldlngs and
those who prufer a passive oolar apprmch,
In t’act extrmmn in either dlractlon are
likely !IYlmd LO● wilding WIlc+ lm less
satisfactory t.hm a mixture of atrategles.
The optlnum mix betwen ~sslve solar md

mergy cmservetion is discussed in mother
paper within these Prmedings,5 This
paper provides a mthtilow for
cktem-inlng the rninirrum lnit~al mst
required to titain a giwn *sired mdninum
level of auxiliary heating. The net effect
is b provicks a bu!lding fiich is mre open
to its mvirmmnt thm the super-insulated
hcuse md less tiJect to the extrems of a
“solar heated barn”. ~st desi~ers of
~ssive solar hams are quite cmscims of
the mcessity for gmd energy cons ‘vation
mcl intuitively tend to ~sl~s ~.<h are
relatively close to the optlmm mix.

f3th bsi~ers md omers of solar systems
have always been keen!v interested in one
particular pmforrrmnce measure -- the
“solar fraction”. Lhrbigultles in &fining
the solar fractlm have pla@x?d all solar
system ckslglers but this has becorm? m
especially i~rtant issw in passive
systems. The prcblern as been wll

kdiscussed by Palmlter. The
dlstinctlons, winch seem rather subtle at
first, becom inprtmt whm it is realized
that relatively lar~ differences cm
result.

A solar Heating’Fractlm can be &fir@ in
a variety of ways, and this has been me of
the mcblem with its use, The rumerator
mld be either the net or gross solar
Cmtrlbution wld the @nornlnator could be
UitWr the actual building therml load or
the therrrml load of the sam building but
held at a steady reference te~rature,
These problem in usage have led to the
~anrimnmnt of the Solar Heating Fraction
as a p?rforfrmnce masure md its
substitution by the ~lar Savin~ Fraction,

It 19 cmvenlent to define the ~lar
Savings Fraction as the ratio of the solar
savings to a refermce load deflmd as the
amwt of enargy required by the corrparable
rum-solar building. This reference load 1s
Just equ~l to the am.wt of auxll~ary
heating which wld be required in the
mwentional rim-solar bulldlng and
therefore ckms mt lnclutb thet ~rtlm of
the themol losd tiich 1s supplied by
lnterral sources of enargy (such m people
h9at, etver

Y
from appllancul, and 11 hts).

!TtnJs th~ SJ ar Savings Fractltm (SW 1s
*fiMd US fOliOw3:

mxlllary hmtlngSSF=l-WX1 in mlar tndldl
~.lary heating in mII-so ar

Apartlcular advmto~ of the !iolnr Ssvlngs
Fr~cllm a~rosch 1s thet it leada directly
to Umiliary ef?er~ use thrm@ the
Pqutlorl:

~xlllary = (l-SSF) x (net reference load)



where the ret reference load is the heat
required by a convmtimal non-solar
buildl~.

hl.inimizlng swlllary energy usage is mly
me criteria of god passi~e solar desi~.
Another is to cbtain good cunfort
characterisUcs in the building. This
mews maintaining temperature variatlms
Wit 1 the building to an acceptable
lav, . These tenqwrature variations tend
to be largest during sny weather Am the
change fraw chy to ni@t tends to be the
grsetest. TMs is m imortmt design
parameter and is called the winter
clear-cky *erature swing. This
temperate swing is affected by the mnomt
of solar glazing, the type uf passive
system, the Smm81trnd effectiveness of
thermal nmss, the thernnl losses of the
building, md the latituch of the site.

4. ANALYTICAL DESIQJ AIDS

It is useful to catalog dasi~ aids
amording to Wm they muld be used Wring
the evolution of the building daei~. A
complicated melysis filch muld be
appropriate &ring the later @ases of the
ms~m muld be mtirely inappropriate
during the inlt lal @ases. This hierarchy
of rksl~ aids, intended to fit comfortably
within the desi~ process, is show m the
following chart.

~slgn Phase Cbsiul Aid

Schemtic Deslgl Rules of Throb
ths.i~l IMvelopmnt L51 kk!thod
Constructlrln Cbclmllts hthiy SLRMethnd

Each of the cbsi~ aids is dlacussed
below. It 1s also possible to use
slmulatlm analysis as a desl~ ald and
this will also he discussed.

4.1 Rules of Th@——.

Chmln the schemtlc dasl~ ~ase the nsmt
!mefu lnfometlm M cksl~er can have

are rules of thumb. Those rules are of twl1
type~: ~tterns md numrical ratios.

patterns are special princlplea Aich are
incorporated into the desl~ which lead to
gmd therml pmfornmnm. Examples are the
use of an airlock entry to retice
lnfll tratlon, placing of closets end other
such apecee m the mrth slds of n bulldln
to retie therml losses, md ●lmge t ion o!
the buildlng in en ea~t-!mst direction to
mxlmize the potemlal for winter solm
gain md mlnimlzw pmblame of wmer
cverheet lng, These Nt term have b
anumrnted md dlm.med by MzrIa. F

T& mmrical rules of t- provlck! m
lndicatim of appropriate sizing criteria
for solnr plezing, therml mss, md
orimt tiofl.

9
Wch rules have been given by

Hszrle md also by Bslm* in a separate
~par in these Prc+medings. 8

The rule of thti fox sizing solar glazing
is the mat iwfmtmt md is given es a

ratio of tps solar glazing ares to the
floor area of the building. In orrktr to *
this m eswption is made es to the rkgree
of energy mnservation. Ma cm adjust the
ratio up or *wn if a lesser or greater
cisgree of mergy ctmservatim 1s actually
e@oyed .

4.2 The Loed Collector Ratio Wthod Qf,
Estimtin9 Wluel performnm

The single nmst i~ortmt va] lsble which
characterizes the effect of building design
m mnual performume is the Loed Collector
Ratiu. This ratio 1S d fined as follows:

~m = thilding Heat Loss Cmfficimt
S31ar Glazing Ares

In Jmporidl mits the building load
coefficient is mrmlly givan in Btu/F-day
(somtlms abbreviated Btu/CO or Btu per
ckgree day) and the solar glazing area 1s
glvan in square feet.

The LCR is lnprtent bemuse it relates the
load characteristics ‘If the building to the
total solar-collectirlg aperture. If me
thidw of the solar aperture as raplacing
(in a seasmal sensa mly~ the furmm in
the house with sol ar glazi~, then the LGl
relates the heat mmnd characteristics of
the building to *ne heat supply
characterlstlca, The L(R reveals this
balance in me M@e ratio.

For a particular climte md ~saive s stem
ftype the eruwl SSF can ba dirertly re ated

to the LG?. Tables have bam gmerated
Mch give ~nls relatlonehip for 2199sites
urumd the J.S. and aoutham Cmati.

TimLCXnw?thodprovlds a taciwlqu tiareby
ttw wei~er cm @ckly *asess th
hplicat mna of ~al~ dzclsiona mde
tiring Maiw Cbvelopmnt to their effect
m thermal per fornmnce.

Other a.tda usefhl *ring deely~tidolo-nt
●e mneltlvity curves,
affast m ~r formnca CF chmglng my of
the ~ramtera of the referenca tial ,reur.h m T-o well thlcknma, orien ation,
or thernmtat setting. WY such
aonaltlvlty curves ●ra givsn in Ref. 9.



4.3 D@alled Estirmtas for the
Construc~Omnts Wise

The min Purpos- e!’ ‘a thermal analysis in
the comtruc’.lon cbcuwnts ~ese 1s to
confirm the’- the building will meet
criteria. We dstailed eccomt is tsken
Of the bulldlng thermal loss md the solar
gain ~aracteristics m a nmthly basis,
accanting with mre preclsim for the
e f f~cts of angles, aheding, md actual
siz 5 of spatial relationships. The
nmrhly rhctim in mxillary heating ti
to solar is estimsted for average weather
and solar cmditions in the arae.
Cleer-chy t~erature swings are also
tstirmted with mra detail.

A procedure for doing these datalled
estimstes iS given il Fbef. 9 based on the
use of the LASLMmthly Solar Lad Iktio
Insthd. Althm@ mre canplex thm the LCR
mthcd, the tachniqus cm still be tie by
hand ad a methodology is described W_dch
l~ds ti desi~er thrm@ the process
Ming tables tiich are filled in on a
Mmthly basis.

During the final @ase of desi~, it is
also desir~le b rb a &tailed estimte of
the building temperature swing in cases
where this my be a problem, such as then a
large amwt of direct gain is used. Ref. 9
provi&s an estimtlng procedure khich will
yield appropriate answers filch acxmmt
qumtitatively for the importmt physical
effects: thickness md mterial properties
of the thermal stora~ materials, locatim
of these materials, md oriantatim of the
surfam, The tachniqlm cm be carried at
by hmd using tables provided.

4.4 Simulntim Analysis

Simulstim analysis consists of
representin the physical system by a set

Yof rathemt cal eqmtims *ich account for
the flow of hmt butween various locations
within the system md the storage of heat
●aer

r
by various massive elemnts.

Pass ve SYSmm have proven to be quite
acsmrately rapresented b relatively

!strai@tforward mti shp o sirmlatims.
The technicws d?ic%mre utilized to
generote the Solar Lad Ret lo correla t ions
md the LCR tables are based entirely m
md tiple year-lmg s imulat im analyses dme
for o variety of clirmtes.

Tha questim la; ~uuld slnulation
enalyals itself be used as a desi~ tool?
The problem is ttmt a normal deal

Y’
Offios,

mch m m architectural or build ng
m i-ring firm, is

! F
mlly mt tile or

wi ling to m~rt bo the coat of the
equipumt md apeciallzed paremnel tu cb
UJS type of malysls. However, the
sitmtion la &mUing md the advmt of

inexpensive cksktop micrometers prasmts
m lntri~ing option for these *sigrers.
These mchincs are very powerful md easily
capable of a very respectable simlation
mal ysis . Cm@etion tim is mdxataly
lmg, conpsred to a lar~ mqxAar, but
quite acceptable to m owrator studying
me or two wek wmther lxmiods. A hast of
solar geomtry md other faSt routines can
be pcka@d to provide quick information
access &eful tiring dasi~ *veloprent.
The whole promss can be mds simple,
interactive, end fm.

In the man tintsthe hmd technlqms, based
m the corl datim malysis such al the
.%lar Loed Ratio mthod, will ser’ “ as a
use ful md accurate basis for &SiW
estimtes. For sten&rd cmfj ~rations
they will probably always be the prefer?ed
rrethai.

The pow?r of the slnulpiim technique is so
great md so conpelll’,g that i, ultlmtaly
will be the prererrd npproech amng some
cksi~ers. It is Letter suited to cope
with the variety of cbssi~ approaches which
my be encomtr.red.

A variaty r, simlatlm codas have been
ckveloped. These include PASOl&(~s
Alams ‘Scientific Laboratory), DER~
(Wrivmsity of Texas at Austin), SUNCAT
(Wtional Center of Appropriate
Tc@hmlogj ), and lMNS~ (UIiVer5ity of
Washington). These codes are all based on
the simlation malysis approach (also
called the therrral network nethod).

U-her computer codes which mi@t be used
for desl~ are tho lar~ building thermal
lead programs. These are based m the
therrral response factor mthod of analysis
which is not particularly well suited to
describe passive solar heat flow. However
the lar~st of these CO*S, CUE-2, is I ;ing
adapted to incor~rata psaslve solar
Cmmpts. This will be nust suitable for
use in very lar~ buildings *lch
incorporate a lar

r
anuunt of heatin

!vmtllatlng md e r conditioning equ punt
but incorwrate sonm ~aslve solar gains.

In such lar~ buildlnge, however, the ~jor
cbsi~ issue is the uae of natural
dsyli@’Aing to realm the requirerrent fo:

r
artificial 11 ting and the associated air
conditioning oads associated with such

T
The detailed malysls of natural

#$’l& inq techniqma is very difficult
md tisi~ars will prob~ly rely m rules
of thm’b backed up by scale mdel studies.



TtMSpopular crmceptim is ttmt the
walmtim base for passive solar buildings
is very scmt. By ccmQarison wit! active
solar system this Is mdtitsdly so, but
there doss exist a sicpificant evelmtim
base based m observations tmds in passive
solar buildlngs over a pe: lod frcsn 1969 to
the present tire. A few ?~uildings wre

~;&~; ~w;::s:$:r:~dlllfl ,t
1s interesting to note the~ the-best
perfo~ces qmted at t~oth d’ these
cmferencee were for pa:sive solar
bulldlngs. In additlco there 1s an
extensive literature on passive solar
buildings cmte.lned primarily in the
proceedings of the far Mtlonel Passive
Solar Confersmes which have b@sn held md
W-e passive solar sessions at the amual
meetings of the harican S?ctim cIf ttms
Intermtionel Solar ~ergy ~ciety.

I have not rmde a c~rehenslve search to
catalog all of the informtim available
for all passive buildings. A brief search
provides the infornmtim which is cmtained
in Teble I givjng a few figures of merit.
The colmn heedlngs give various
amropriate valuss *fined as follows:

SHF. Solnr Heating Fractim. The
contributim of ttn? total building lc+ad
which is su~lied by solm energy,
cIYw Lad after the e f feet of normal
internal energy sources such as M@ts
end peuple have been accomted.

Ef?kiemym The fractim of tlw total
.;olar radia t lm incidsnt on the
collection wall which is Illtimtely
delivered to the hwse as a useful
cmtributim to the heating lmd.

Temperature Swirlg. The peak-to-peak
temperature range observed inside the
passive solar building during suny
westher cmdi t ions,

Solar Contrition, The onnual momt
of hat deliverd from the solar wall
to the structure, Btu/yr-aq ft.

Solar Swings. The total ammt of
heating mergy which 1s saved by the
presence of the solar wall. The
cmparl am here la with a convent ionel
constructim m the sarth slcb imtmd
of the solar wall md with the building
held at the amm confort level.

5.1 Overall Evalmtlm.

It is clear that passive solar cm~tmction
is thermell arNantagws md qwsthna

tpertaining o factors such as cmfort,

other livability cmsideratims, end Cc6t
reed to be evaluated building-by-building.
Properly tie, it a~rs that passive
solar tuildings cm @ M@ mrks m all
the evaluation criterm. Thre are ssmy
exanples, however, where om or mother
factor leaves somsthing to be deshd. A
ccqxel-enslve evaluation of a le:w3 ample
of buildings against all criteria has yet
to be he. Such m evaluetim will be
dl fficult, lmgthy, md expensive.

Results from buildtngs which have been
mnltored indicate performance which equals
or exceeds the estimtes obtained by
simulation malysis. Howver in tMse
cases the lar~st damn 1s the actual
building load; expected performance is
extremly sensitive to thermatat setting.
*m omers prefer to accept a lower
thermstat setting in or~r to *tain m
85%solar f ract im rather then a IIIYI’S
cmventimal thernwstat setting which muld
lead to a SOBsolar fraction. However tnis
is c&creasingly so as mre md mre passive
solar tuil dings are occupied by penple who
did mt build them.

The general cmsensus, based al feedback
from hmdreds of passive buildings located
all over the Lhited States, is that passive
solar performance generally exceeds
expectations. Arswel heating costs of $lIM
fm seasm or less are cored y reported
for mrderate-sized pmive solar buildings
even in cold clirnstes. Sue! results are
certainly influenced by a variety of
psychological md physiological factors.
son? pesslve hcm dwellers (especially in
ths f lrst generat lon ) adepted their
11festyles slightly, preferring a sweater
to a norml thermstet setting, but this is
becomtng the exception rather thm the
rule. Mst mssive hems are mw sold m
the Specuiativa mrket to buyers who are
mt necessarily solar advocates and it is
both inaccurate and a pmr strategy to
mrket a passive solar lmuae m the basis
that my eacr’.flce in comfort is inqdicd.

There 1S a growing body of avidance that
correctly cbsi~ed pusslve solar buildings
have comfort characterlstica tiich equl or
exceed their tm-eolar c.uu,t~i~rts. This
1s tbught to be b to several swtle
@Iysiolo@cal factors. The mst lsportant
of these 1s the effect of tlw thermal
radiant anvlrmnwnt m comfort. A secmd
effect which ef+knxs overall cmfort is
the imredlble thernnl stab 11ty of a
W1l-insulated building with a large
interml thsrrml mess.

In conclusion, the early results tire very
encouraging but contlnukg work meda to be
*9 mnltoring perforrmmm of actual
Psas.(ve solar buildings against, a wicbr
rmge of evaluation criteria.
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